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Abstract:
The goal of this work was to fabricate an inverse planar perovskite solar cell (PSC) that
was stretchable in one dimension and completely solution-processible. Perovskites are a material
that have attracted much attention in recent years due to their appealing characteristics, such as
being photovoltaic and piezoelectric. PSCs have been the focus of many studies in the solar cell
area, as they are solution-processible and have shown high efficiencies relative to the amount of
time they have been studied. Fabricating a PSC on a stretchable substrate would be beneficial, as
a bendable, stretchable PSC would likely have more applications than its rigid counterpart, such
as soft robotics and smart clothing. A bendable, stretchable PSC would also potentially be able to
take advantage of both the photovoltaic and piezoelectric nature of the material to increase
efficiencies under stress and strain. In this work, through four iterations of design, a working
PSC was unable to be produced. While the fabrication of the PSC ultimately failed, some
evidence for the piezoelectric part of the design was provided, and transparent, stretchable
electrodes, which are important for this technology, were successfully made.
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Background and Introduction:
Perovskites are a newer material being investigated for solar cells, and they have recently
received much attention for their potential as a route to affordable, highly efficient solar cells [1].
As such a popular topic of research, perovskite solar cells went from 3.8% to 19.3% power
conversion efficiency PCE in only four years since their inception [2]. Organolead halide
perovskites are commonly used in PSCs, due to their low cost and excellent photovoltaic
performance [2]. One type of organolead halide perovskite that is popular is methyl ammonium
lead iodide (MAPbI3).
Another property of MAPbI3 is that it is piezoelectric. A material that is piezoelectric
generates a charge when mechanical stresses or vibrations are applied to it. This property has
also made MAPbI3 a topic in research on mechanical energy harvesting [3]. Mechanical energy
harvesting occurs either from inertial energy harvesting, which is from the harvesters’ inertial
resistance to applied vibrations, or kinematic energy harvesting, which is harvesting the energy
generated from the harvester bending and moving from applied stress [4].
Another recently popular research topic is stretchable electronics. As polymers and
nanomaterials become more commonplace research materials, materials with interesting
properties have been achieved; one such class of these new-age materials is stretchable
electronics. Stretchable electronic components have advantages over traditional rigid electronic
parts for applications such as soft robotics, smart textiles, and sensors. There have also been
attempts at bendable and stretchable PSCs [5, 6]. Designs for stretchable PSCs involve coiling a
titanium wire that a PSC has been built on around an elastomer fiber; as the fiber is stretched, the
coil loosens, resulting in a stretchable PSC [5]. However, this design only reached a PCE of
4.81%-5.22%, and it was only stretched to 30% strain [5]. A big challenge for stretchable
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electronics is to develop a flexible and stretchable electrode that maintains good performance in
terms of conductivity.
An added challenge in the case of stretchable and flexible photovoltaics is that these
electrodes also need to be transparent. Typically, indium tin oxide (ITO) or fluorine-doped tin
oxide (FTO) is used for perovskite solar cells, as they are both highly conductive and
transparent. However, these materials are also inorganic and brittle, making them unfit
candidates for a stretchable solar cell without some kind of modification. Several strategies have
been employed to develop suitable electrodes. Composite films of ITO and graphene have been
developed, which resulted in a more robust ITO film capable of stretching and flexing [7].
Electrodes of carbon nanotube and polyaniline, a conductive polymer, have also been developed
[8]

. One solution involving ITO has been printing ITO in serpentine patterns that are able to

uncoil and stretch when on a soft substrate [9]. Yet another possible solution to have flexible,
transparent electrodes is the use of nanowires; flexible organic solar cells have been developed
using silver nanowires as an electrode [10]. Other ITO-free transparent electrodes have been
fabricated on other types of solar cells, such as composite silver nanowire and poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) electrodes on organic solar cells
[11]

.
The proposed research is developing a planar MAPbI3 PSC that is stretchable along one

dimension. This stretchable PSC would have broader applications than its rigid counterpart, such
as integration into smart wearable electronics, due to its soft nature allowing it to conform to less
conventional topographies. Furthermore, making a stretchable solar panel that is capable of
performing under high strains may also be able to take advantage of the piezoelectric
characteristic of MAPbI3. Combining the photovoltaic and piezoelectric performance of MAPbI3
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in a highly stretchable PSC may lead to favorable PCEs. The plan for developing this cell is
similar to some other stretchable electronics designs, in that it involves pre-stretching the
substrate before film deposition [12]. When the stretched film is complete and released, the films
will experience a compressive force and wrinkle; this in itself should be enough to induce the
piezoelectric effect.
The build of the cell will be a planar heterojunction PSC, which has inverted architecture,
meaning that the hole-transporting layer (HTL) will be transparent and in contact with the
working electrode, that is, the electrode that the light is going through. The typical HTL in planar
heterojunction PSCs is PEDOT:PSS, because it can be spin-coated into a transparent, conductive
layer; the HTL layer is followed by the perovskite layer, then the electron transporting layer
(ETL), and the PSC is topped off with the counter electrode, which is often aluminum [13]. Novel
composites for the HTL, such as PEDOT:PSS and graphene oxide (GO) have also been
demonstrated for PSCs [14]. A common ETL material in planar heterojunction PSCs is phenylC₆₁-butyric acid methyl ester (PCBM), a fullerene C60 derivative [13, 15]. C60 itself has also been
used in composite with PCBM for the ETL [16]. In this work, fullerene C60 itself was used as the
ETL; while it would not work as well as PCBM, C60’s similar characteristics and band gap
would make it a suitable ETL. Furthermore, C60 is much more affordable than PCBM, making it
more appealing for a proof-of-concept project. C60 is relatively soluble in toluene, with solubility
at about 2 mg/mL, and more soluble in chlorobenzene, with solubility at about 7 mg/mL [17].
Solar cells that take advantage of both the photovoltaic and piezoelectric effects do exist,
usually in the form of flexible microwire and nanowire solar cells; in these cells, the
phenomenon is referred to as the piezo-phototronic effect [18-21]. Strategies such as using coreshell nanowires with piezoelectric materials that are also semiconductors have been explored
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theoretically and experimentally [18,19]. Piezoelectric semiconductor materials include zinc oxide,
gallium nitride, indium nitride, and cadmium sulfide; in particular, zinc oxide and Cu2S/CdS
coaxial nanowires have been explored as piezo-phototronic materials [19, 20]. With ZnO
microwires and the piezo-phototronic effect, a flexible PSC had its efficiency increased from
0.0216% to 0.298% [21]. However, to the knowledge of the author, this work was the first attempt
at using only the piezoelectric qualities intrinsic to the perovskite MAPbI3 and wrinkling films to
induce the piezo-phototronic effect in a stretchable and flexible PSC.
General design:

Figure 1: Design for Iteration 1 of stretchable PSC.
Through other iterations, the substrate, HTL, Perovskite, and ETL stayed the same. Some
iterations did not include AgNW as either electrodes, electing to rather use the PEDOT:PSS as
an HTL and electrode; the working electrode was tried with copper tape and carbon paint in
addition to the AgNW seen here. Also, in Iteration 4, the lead for the working electrode was
6

aluminum rather than copper. The layers are fabricated on the substrate when it is already
stretched, so that when it is released, they form wrinkles due to the compressive force.
Methods:
Preparation of substrate:
PDMS was the chosen substrate for its transparent and elastic properties. PDMS
elastomer was made by mixing the polymer base and the curing agent in desired ratios, and then
allowing the mixture to cure into the elastomer. As the base-to-curing agent ratio was increased,
the elasticity of the cured PDMS also increased. Testing different ratios resulted in PDMS(35:1),
35-to-1 being the base-to-curing agent ratio, being the ideal cured PDMS. At this ratio, the
PDMS had good transparency and was able to withstand being stretched 100% from its original
length. 1 mg of aqueous PVA(28-99) in solution was drop-casted in a 4.5-diameter petri dish,
and the water was allowed to evaporate in order to form a PVA film. 3 grams of PDMS(35:1)
was casted in the petri dish over the PVA film. The PDMS was put in an oven at 80 degrees
Celsius to cure overnight. The cured PDMS was then carefully peeled from the petri dish, as to
keep the bilayer of PVA and PDMS together. The bilayer was cut with a razor into a strip that
was the desired dimensions for the iteration.
Preparation of perovskite solution:
To make the perovskite film, 35.073 mg of CsI, 208.98 mg of methyl ammonium iodide
(MAI), 560.115 mg of PbI2, and 74.32 mg of PbBr2 were mixed, and then 0.8 mL of DMF and
0.2 mL of DMSO were added to make a solution; the mixture was put over 60 degrees Celsius
heat for an hour to make it a homogenous solution.
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Iteration 1:
The prepared bilayer substrate was cut into a 1.5 cm x 2.75 cm strip. Then copper tape,
width 1 cm, was attached to each end of the strip, leaving a gap of 0.75 cm between the two
pieces of copper tape. The PVA surface was exposed to >100% RH, causing the PVA to soften,
and then the PDMS was stretched until the space between the copper tape was 1.5 cm, and then,
using the overhanging copper tape, the strip was fixed to a glass slide, with dimensions 2.5 cm
by 7.5 cm. The glass slide was fixed to a spin-coater chuck, and then 300 microliters of 4 mg/mL
poly(ethylene dioxythiophene):poly(styrene) sulfonate (PEDOT:PSS) was spun for 30 seconds at
1000 rpm and 3000 rpm for 5 seconds. Then, a layer of 5 mg/mL silver nanowires (AgNW),
using 100 microliters of solution, was spun. Finally, one more layer of 300 microliters of
PEDOT:PSS was spun. Before the spinning, Parafilm was put over one copper strip, and the
films were allowed to cover the other copper strip. This led to the fabrication of the working
electrode; the substrate to one side of the copper tape was conductive. Ecoflex, an elastomer, was
then thinly painted over and cured where the PEDOT:PSS/AgNW film was on the interface of
the substrate and copper strip.
In a glove box, under 20% RH, 30 microliters of perovskite solution were spread on the
substrate. Then the substrate was spun at 2000 rpm for 10 seconds, and ramped up to 6000 rpm
for 30 seconds; at 15 seconds in, 100 microliters of chlorobenzene was added onto the substrate
during spinning as an anti-solvent. The substrate was then put on a hot plate at 100 degrees
Celsius for 1 hour. After an hour, 50 microliters of fullerene C60 dissolved in toluene at 2
mg/mL was spin-coated on the substrate over the perovskite layer at 1000 rpm for 40 seconds,
three times. Then over the fullerene ETL, another layer of AgNW, 50 microliters of 5 mg/mL,
was spin coated. Silver paint was added over the layer, and made to make contact with the other
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copper tape; the intent being that this make the counter electrode and complete the cell. The
device was then tested in simulated sunlight.
Iteration 2:
The prepared bilayer substrate was cut into a 1.5 cm x 2.75 cm strip. Then copper tape,
width 1 cm, was attached to each end of the strip, leaving a gap of 0.75 cm between the two
pieces of copper tape. The PVA surface was exposed to >100% RH, causing the PVA to soften,
and then the PDMS was stretched until the space between the copper tape was 1.5 cm, and then,
using the overhanging copper tape, the strip was fixed to a glass slide, with dimensions 2.5 cm
by 3.75 cm. The glass slide was fixed to a spin-coater chuck, and then 100 microliters of 4
mg/mL PEDOT:PSS was spun for 30 seconds at 1000 rpm and 3000 rpm for 5 seconds. Then, a
layer of 5 mg/mL silver AgNW, using 50 microliters of solution, was spun. Finally, one more
layer of 100 microliters of PEDOT:PSS was spun. Before the spinning, Parafilm was put over
one copper strip, and the films were allowed to cover the other copper strip. Ecoflex, an
elastomer, was then thinly painted over the interface of the substrate and copper strip on both
sides.
In a glove box, under 20% RH, 30 microliters of perovskite solution were spread on the
substrate. Then the substrate was spun at 2000 rpm for 40 seconds; at 15 seconds in, 100
microliters of chlorobenzene was added onto the substrate during spinning as an anti-solvent.
The substrate was then put on a hot plate at 100 degrees Celsius for 1 hour. After an hour, 150
microliters of fullerene C60 dissolved in toluene at 2 mg/mL was drop-casted on the substrate
over the perovskite layer; this was allowed to dry at 100 degrees Celsius for 15 minutes. The
glass slide was taken out, and a piece of thin copper tape was laid on the fullerene film, over the
Ecoflex buffer, and on to the previously uncontacted copper electrode. The device was then
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tested in simulated sunlight. Then, it was removed from the glassed slide, relaxed to form a
wrinkled film, and tested again.
Iteration 3:
The prepared bilayer substrate was cut into a 1 cm x 2.5 cm strip. Then copper tape,
width 1 cm, was attached to each end of the strip, leaving a gap of 0.5 cm between the two pieces
of copper tape. The PVA surface was exposed to >100% RH, causing the PVA to soften, and
then the PDMS was stretched until the space between the copper tape was 1 cm, and then, using
the overhanging copper tape, the strip was fixed to a glass slide, with dimensions 2.5 cm by 2.5
cm. The glass slide was fixed to a spin-coater chuck, and then 45 microliters of 4 mg/mL
PEDOT:PSS was spun for 30 seconds at 1000 rpm and 3000 rpm for 5 seconds. One more layer
of 45 microliters of PEDOT:PSS was spun. Before the spinning, Parafilm was put over one
copper strip, and the films were allowed to cover the other copper strip. Ecoflex, an elastomer,
was then thinly painted over the interface of the substrate and copper strip on both sides.
In a glove box, under 20% RH, 14 microliters of perovskite solution were spread on the
substrate. Then the substrate was spun at 2000 rpm for 40 seconds; at 15 seconds in, 100
microliters of chlorobenzene was added onto the substrate during spinning as an anti-solvent.
The substrate was then put on a hot plate at 100 degrees Celsius for 1 hour. After an hour, 30
microliters of fullerene C60 dissolved in chlorobenzene at 7 mg/mL was spin-coated on the
substrate over the perovskite layer at 1000 rpm for 40 seconds, three times; this was allowed to
dry at 100 degrees Celsius for 15 minutes. The glass slide was taken out, and 20 mg/mL of
aqueous carbon paint was drop-casted over the ETL and on the counter electrode; then, undiluted
carbon paint was used to go over the Ecoflex buffer and connect the cell to the previously
uncontacted copper electrode. The device was then tested in simulated sunlight.
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Iteration 4:
The prepared bilayer substrate was cut into a 1 cm x 2.5 cm strip. Then one piece of
copper tape and one piece of aluminum tape, each with width 1 cm, was attached to either end of
the strip, leaving a gap of 0.5 cm between the copper and aluminum tape. The PVA surface was
exposed to >100% RH, causing the PVA to soften, and then the PDMS was stretched until the
space between the copper tape and aluminum tape was 1 cm, and then, using the overhanging
tape, the strip was fixed to a glass slide, with dimensions 2.5 cm by 2.5 cm. The glass slide was
fixed to a spin-coater chuck, and then 45 microliters of 4 mg/mL PEDOT:PSS was spun for 30
seconds at 1000 rpm and 3000 rpm for 5 seconds. One more layer of 45 microliters of
PEDOT:PSS was spun. Before the spinning, Parafilm was put over the aluminum tape strip, and
the films were allowed to cover the copper strip. Ecoflex, an elastomer, was then thinly painted
over the interface of the substrate and metal strips on both sides.
In a glove box, under 20% RH, 30 microliters of perovskite solution were spread on the
substrate. Then the substrate was spun at 2000 rpm for 40 seconds; at 15 seconds in, 100
microliters of chlorobenzene was added onto the substrate during spinning as an anti-solvent.
The substrate was then put on a hot plate at 100 degrees Celsius for 1 hour. After an hour, 50
microliters of fullerene C60 dissolved in chlorobenzene at 7 mg/mL was drop-casted on the
substrate; this was allowed to dry at 100 degrees Celsius for 15 minutes. The glass slide was
taken out, and 20 mg/mL of aqueous carbon paint was drop-casted over the ETL and on the
counter electrode; then, undiluted carbon paint was used to go over the Ecoflex buffer and
connect the cell to the previously uncontacted copper electrode. The device was then tested in
simulated sunlight.
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Atomic force microscopy
In order to better understand the behavior of the perovskites forming films in different
ways on different substrates, atomic force microscopy (AFM) was used to determine surface
roughness of FTO glass (the conventional substrate for PSCs), the PDMS working electrode with
PEDOT:PSS and AgNW, and the PDMS working electrode with just PEDOT:PSS. The thought
was that AgNW tend to aggregate when spin-coated, and this aggregation may cause uneven and
ununiform perovskite formation when spin-coating the perovskites of the substrates.
Results:
Iteration 1:
Iteration 1 ultimately failed. The efficiency was 0% and the fill factor was not a number.
This indicates that the sample could conduct current across its electrodes, and the sample was
therefore acting as a resistor rather than a solar cell. In order for the photovoltaic effect to work
and the PSC to act as a solar cell, the working and counter electrodes must not be in direct
conductive contact.
While the PSC failed, it was shown that a conductive working electrode was fabricated.

Figure 2: Conductive, transparent working electrode with only 2 spin-coated layers of
PEDOT:PSS. Resistance in on order of kilo-Ohms.
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Figure 3: Conductive, transparent, pre-stretched working electrode, with PEDOT:PSS and
AgNW spin-coated. Use of AgNW provided low resistance, on the order of Ohms.
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Figure 4: Stretched working electrode showing no electrical conductivity between the two copper
leads, which is desired.
Iteration 2:

Figure 5: Perovskite formation on Iteration 2 substrate versus FTO glass. Notice lack of
uniformity on PDMS substrate.
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Figure 6: Iteration 2 attempt at PSC on stretchable substrate being tested under simulated
sunlight.
Table 1: Efficiencies of PSC in stretched and relaxed states
Sample

% efficiency

Stretched reading 1

0.0000668

Stretched reading 2

0.000073

Stretched reading 3

0.000032

Relaxed reading 1

0.000497

Relaxed reading 2

0.000493

Relaxed reading 3

0.000315
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Figure 7: Graph of current vs. voltage for PSC stretched sample reading 2

Figure 8: Graph of current vs. voltage for PSC relaxed sample reading 1
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Figure 9: 2-D AFM image of FTO glass, based on deflection. Note for deflection, the number
values are not accurate for actual height, but the difference between values is accurate for height
differences between points.

Figure 10: AFM reading showing root-mean squared roughness of 21.1 nm for surface.
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Figure 11: 3-D AFM image of surface from Figure 9 based on deflection. Note for deflection, the
number values are not accurate for actual height, but the difference between values is accurate
for height differences between points.

Figure 12: 2-D AFM image of stretched, PEDOT:PSS/AgNW- coated PDMS surface in area
with AgNW aggregation, based on deflection. Note for deflection, the number values are not
18

accurate for actual height, but the difference between values is accurate for height differences
between points.

Figure 13: AFM reading showing root-mean squared roughness of 93.1 nm for surface.

Figure 14: 3-D AFM image of surface from Figure 12 based on deflection. Note for deflection,
the number values are not accurate for actual height, but the difference between values is
accurate for height differences between points.
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Figure 15: 2-D AFM image of stretched, PEDOT:PSS/AgNW- coated PDMS surface in area
without AgNW aggregation, based on deflection. Note for deflection, the number values are not
accurate for actual height, but the difference between values is accurate for height differences
between points.

Figure 16: AFM reading showing root-mean squared roughness of 34.8 nm for surface.
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Figure 17: 3-D AFM image of surface from Figure 15 based on deflection. Note for deflection,
the number values are not accurate for actual height, but the difference between values is
accurate for height differences between points.

Table 2: Stretchiness of fabricated PSC
Initial
Length
PDMS
0.75 cm

Pre-stretched
Length

Final released
length after film
depositions
1.1 cm

1.5 cm
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%
stretch
36%

Iteration 3:

Figure 18: 2-D AFM image of stretched, PEDOT:PSS- coated PDMS surface, based on
deflection. Particulate matter is on bottom right side, causing a disturbance in the measurements.
Note for deflection, the number values are not accurate for actual height, but the difference
between values is accurate for height differences between points.

Figure 19: AFM reading showing root-mean squared roughness of 47.7 nm for surface. Boxed
column of data is data taken when particulate disturbance was masked, so it represents a more
accurate, uniform roughness.
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Figure 20: 3-D AFM image of surface from Figure 18 based on deflection, with particulate
disturbance in back left corner. Note for deflection, the number values are not accurate for actual
height, but the difference between values is accurate for height differences between points.

Figure 21: Picture from camera monitoring AFM needle, showing particulate debris that caused
large fluctuation in roughness reading.
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Figure 22: Perovskite layer formed for Iteration 3. The layer is clearly more uniform than in
Figure 5.
Iteration 3 also ultimately failed. The sample acted like a resistor and was conductive all
the way through, as evidenced by 0% efficiency and no fill factor. Another issue with Iteration 3
was that the ETL was apparently not thick enough to stop the water-based paint from diffusing
through it, even though fullerene is hydrophobic. This resulted in the aqueous solution making
contact with the perovskite layer before the paint dried, leading to the dissolution of the
perovskite crystals into lead iodide and other components, as evidenced by the yellow, rather
than black, color of the active perovskite layer in Figure 24.
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Figure 23: Aqueous carbon paint electrode on cell before drying.

Figure 24: Perovskite layer compromised by moisture and showing yellow color characteristic of
lead iodide.
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Iteration 4:

Figure 25: Different lead configuration for Iteration 4; aluminum used for counter electrode.
Also, more thorough use of parafilm to attempt to make the HTL smaller and completely cover
the HTL with the perovskite layer.
Iteration 4 was also a failure, because, once again, the perovskite layer was compromised
by moisture, and the crystals broke down; Figure 25 shows the yellow color that indicates lead
iodide on the completed cell.

Figure 26: Yellow color showing presence of lead iodide in Iteration 4 PSC attempt.
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Discussion:
Figures 2 and 3 show the working electrode hooked up to a digital mutli-meter. In Figure
2, the resistance is notably higher, being around 1.6 kΩ, while the resistance show in Figure 3 is
around 48 Ω. The difference in conductivity between the two samples was the addition of a spincoated layer of AgNW over the first PEDOT:PSS layer. These shown values were not stable
resistance values; the readings would jump around a lot depending on factor like how much the
lead was being pressed into the film, but the values selected were ones that frequently showed
up. FTO glass, the conventional substrate for inverted planar PSCs typically has a resistance
around 7 Ω. Therefore, the electrode in Figure 3 with AgNW was more comparable to FTO glass
than the one in Figure 2, but it was also stretched to 100% past its original length. Figure 4
shows that the two electrode leads, the pieces of copper tape, are not in electrical contact. This
was due to parafilm covering one lead during spin-coating. The leads should not be in electrical
contact, because separation of the electrodes is what makes the solar cell work and provide direct
current.
Iteration 1 did not work as a solar cell. Current was able to travel from one electrode to
the other, meaning that the cell acted as a resistor. Since Figure 4 shows the working electrode
and the HTL were fabricated without the pieces of copper tape being in contact, the problem was
narrowed down to the ETL and counter electrode. The silver paint was theorized to have diffused
through the ETL. Since the perovskite layer was not uniformly coated, as the slide was thrown of
the chuck during spin-coating, the silver paint was able to make contact with the PEDOT:PSS
once it passed the ETL, making the sample conductive all the way through.
Between Iterations 1 and 2, the following changes were made: The glass slide that the
substrate was fixed on was cut in half to reduce the chances of the spin-coater throwing it, the
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overall speed of perovskite solution coating was decreased to decrease likely hood of the spincoater throwing the sample, the amounts of solution for spin-coating PEDOT:PSS and AgNW
were decreased, Ecoflex buffer was put on both copper leads before perovskite spin-coating,
ETL deposition method was switched from spin-coating to drop-casting to make the film thicker,
and the counter electrode was fabricated with a thin piece of copper tape. These changes were
made in an attempt to fix the discussed issues noticed in Iteration 1.
Figure 5 shows the perovskite layers annealing on the hot plate after being spin-coated.
Samples of perovskite spin-coated on FTO glass are also visible in Figure 5 for comparison. The
samples on the FTO glass, while not perfectly coating the whole surface, were more complete
and uniform than on the soft substrate, even though both films were made using the same
procedure. This led to the thought that the AgNW aggregation on the samples may be affecting
the formation of the perovskites, and roughness studies were later carried out using AFM.
Figure 6 shows the sample under simulated sunlight being tested. It is obvious the
perovskite layer is not completely covering the sample, as the thin copper tape electrode on the
back of the cell can be seen. Table 1 shows the results from several trials under simulated
sunlight. The PSC performance was poor; in fact, the was a chance the performance could have
simply been attributed to the inherent error of the measuring device. Figures 7 and 8 show
current versus voltage graphs that are not stable or shaped well; although, Figure 8 is less jumpy
than Figure 7. The device was run 5 times with the leads not attached to anything in order to find
the efficiency readings created just by background noise and error. The measurements were
0.0002%, 0.0000346%, 0.0000453%, 0.0000213%, and 0.0000485%. The average of these
measurements was 0.0000699% with a standard deviation of 0.0000735%.
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Using the average value plus 3 standard deviations goes to the 99.85th percentile of the
standard curve; this value gives 0.00029% efficiency for the values of the blank runs, which is
less than all of the “relaxed” sample readings in Table 1. While the stretched PSCs, may have
been in the range of error, their typical value was more than most of the background
measurements, except for the outlier blank, 0.0002%. From stretched to relaxed state, efficiency
increased by almost one order of magnitude (Table 1); this phenomenon could be due to the
piezoelectric characteristic of MAPbI3 and the compressive force of the substrate on the film
causing the wrinkles. Table 2 shows the stretchiness of the sample; the stretched length of the
sample was 1.5 cm, and the relaxed length was 1.1 cm. When the PDMS was first stretched, its
initial length was 0.75, with the intent of the cell being able to be stretch 100%. However, due to
the deposited films’ wrinkles resisting the PDMS returning to its original length, the relaxed
length was larger than the original length of 0.75 cm. Going from 1.1 cm to 1.5 cm means the
sample was able to stretch approximately 36%.
Figures 9 through 17 show the AFM study of the FTO glass and the working electrode in
an area of high and low AgNW aggregation. Figures 9, 10, and 11 are the FTO glass study. The
FTO has a root mean squared (RMS) roughness of about 21.1 nm (Figure 10). Figures 9 and 11
show that the roughness as distributed relatively evenly across the surface. Figures 12, 13, and 14
are the study for the PDMS with PEDOT:PSS and AgNW on it, in an area of aggregation, which
was determined by finding an area on the electrode where light was scattered and not transparent.
The RMS roughness was about 93.1 nm (Figure 13), which was much larger than that of the
FTO glass. Figures 12 and 14 also show that in the area of AgNW aggregation, the surface is
much less uniform than on FTO glass. Figures 15, 16, and 17 show the study for the same
working electrode but in an area with no AgNW aggregation. The RMS roughness was about
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34.8 nm (Figure 16). Figure 15 and 17 show that, besides for the stray nanowires, the surface is,
in general, more flat and uniform that in the aggregated part.
Between iterations 2 and 3, the following changes were made: the size of the substrate
was reduced so that the stretched substrate would be 1 cm by 1 cm, the glass substrate was then
reduced to 2.5 cm by 2.5 cm, the volumes of PEDOT:PSS and perovskite solution spun on the
soft substrate were proportionally reduced on the basis of microliter/cm2, AgNW were taken out
of the working electrode and PEDOT:PSS served as both HTL and electrical connection to a
copper lead, fullerene C60 was dissolved in chlorobenzene for a higher concentration, and carbon
paint was purchased to replace the copper tape counter electrode with the intent of having less
contact resistance. Even though the PEDOT:PSS only electrode would not be as conductive as it
could be with AgNW, the possible benefits of a more uniform perovskite layer outweighed better
conductivity.
Figures 18, 19, and 20 show the AFM study of PDMS with only PEDOT:PSS spincoated on it. Note that particulate dust did get on the sample and cause some disturbance. The
RMS roughness of the area, with the particulate disturbance masked, was 47.7 nm. This was
more than the FTO roughness, but Figures 18 and 20 show that, with the exception of the
disturbance in one corner, the sample was relatively uniform in its roughness. Figure 21 is a
picture of the AFM needle on the sample. The red circle is around the particulate debris, showing
that something was causing the large disturbance on Figures 18 and 20. Figure 22 shows the
perovskite layer forming on the iteration 3 sample. While the layer is not completely covering
the sample area, it is darker and more uniform where it is covering, compared to Figure 5. This
shows that the uniformity of the surface roughness may have played a part in the poor coating of
iteration 2.
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Figure 23 shows the carbon ink electrode placed on the cell before it dries. The droplet on
the cell is behaving as if it is on a hydrophobic surface, which makes sense, as C60 is
hydrophobic. However, Figure 24 shows an under view of the cell after drying, and the
previously dark black perovskite had turned yellow, a color indicating the presence of lead
iodide. This means that the moisture from the ink diffused through the fullerene ETL and
compromised the sensitive perovskite layer. This led to the failure of the cell.
The changes made from iteration 3 to iteration 4 are as follows: aluminum was used as
the metal tape lead for the counter electrode contact in hopes of work functions aligning better to
increase cell efficiency, the substrate was masked more with parafilm to make the HTL smaller
and more easily covered by the perovskite layer (Figure 25), the perovskite solution used for
spin-coating was increased back up to 30 microliters to try to ensure more coverage of the
sample, the ETL was drop-casted rather than spin-coated to make it thicker and more difficult to
diffuse through, and the carbon paint was used as purchased and not further diluted like it was in
iteration 3 to try to stop diffusion of water through the ETL.
Figure 25 shows the substrate with the new lead set up and parafilm mask. The idea was
to make the HTL and counter electrode smaller so that it was completely covered by the
perovskite, in case the conductive counter electrode made it through the ETL, so that the whole
cell would not become conductive all the way through. Unfortunately, the carbon paint did
diffuse through the more thickly-casted ETL, and, while the cell did not become conductive all
the way through, it still introduced enough moisture to completely compromise the perovskite
layer. Figure 26 shows iteration 4 with the yellow color of lead iodide, instead of the black color
of the perovskite crystals formed after spin-coating.
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Conclusions:
Ultimately, the goal of this work, which was to make a working PSC which was
stretchable in one dimension and completely solution-processible, failed. The only iteration to
get working efficiencies was Iteration 2, and those efficiencies were still well below 1%.
However, some progress was made. Stretchable, transparent electrodes were produced as part of
this work, and they have potential to be used in future works for similar applications.
Furthermore, the use of the compressive force of releasing the pre-stretch and forming wrinkles
to induce the piezoelectric effect seemed to have some validity, as the efficiencies of Iteration 2
sample trials increased by almost a magnitude of ten when the sample was released; however, the
overall efficiencies were still quite small.
Perovskites, in general, proved to live up to their reputation as a very sensitive material
to ambient conditions, as small amount of moisture compromised samples and films did not
uniformly form of substrates. A problem of the PSCs produced seemed to be with the ETL and,
or counter electrode; this is because sample would become conductive across the cell after
addition of these two components in Iteration 1 and 3, even though they were not before those
two layers were added. And in Iterations 3 and 4, the addition of an aqueous carbon-based paint
compromised the perovskite layer, even though the ETL was a film made of hydrophobic
material. This gives direction for future work, such as using a different ETL material, like
PCBM, or using metal evaporation to fabricate the counter electrode. Another factor that would
improve the design is more uniform and complete perovskite layers, which could be achieved by
increasing the uniformity of the roughness of the soft substrate, and by reducing size so samples
do not get thrown while spin-coating. Better perovskite formation would also provide more
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information about the validity of combining the photovoltaic and piezoelectric effect in a
stretchable PSC.

33

References:
[1]. Snaith, H.J. (2013). “Perovskites: The Emergence of a New Era for Low-Cost, HighEfficiency Solar Cells.” J. Phys. Chem. Lett, 4(21), 3623-3630.
[2]. Kim, H., Im, S.H., Park, N. (2014). “Organolead Halide Perovskite: New Horizons in Solar
Cell Research.” J. Phys. Chem,118, 5615-5625.
[3]. Kim, Y., Dang, T., Choi, H., Park, B., Eom, J., Song, H., Seol, D., Kim, Y., Shin, S., Nah, J.,
Yoon, S. (2016). “Piezoelectric properties of CH3NH3PbI3 perovskite thin films and their
applications in piezoelectric generators.” Journal of Mater. Chem. A,4, 756-763.
[4]. Bowen, C.R., Kim, H.A., Weaver, P.M., Dunn, S. (2014). “Piezoelectric and ferroelectric
materials and structures for energy harvesting applications.” Energy Environ. Sci,7, 25- 44.
[5]. Deng, J., Qiu, L., Lu., Yang, Z., Guan, G., Zhang, Z., Peng, H. (2015). “Elastic perovskite
solar cells.” J. Mater. Chem. A,3, 21070-21076.
[6]. Kaltenbrunner, M., Adam, G., Glowacki, E.D., Drack, M., Schwodiauer, R., Leonat, L.,
Apaydin, D.H., Groiss, H., Scharber, M.C., White, M.S., Sariciftci, N.S., Bauer, S. (2015).
“Flexible high power-per-weight perovskite solar cells with chromium oxide– metal contacts for
improved stability in air.” Nature Materials,14, 1032-1041.
[7]. Liu, J., Yi, Y., Cai, H. (2016). “Highly stretchable and Flexible Graphene/ITO Hybrid
Transparent Electrode.” Nanoscale Res. Lett., 11(1).
[8]. Salvatierra, R., Cava, C., Roman, L. (2013). “ITO-free and Flexible Organic Photovoltaic
Device Based on High Transparent and Conductive Polyaniline/ Carbon Nanotube Thin Films.”
Advanced Functional Materials, 23(12), 1490-1499.
[9]. Yang, S., Ng, E., Lu, N. (2015). “Indium Tin Oxide serpentine ribbons on soft substrates
stretched beyond 100%.” Extreme Mechanics Letters, 2, 37-45.

34

[10]. Yang, L., Zhang, T., Zhou, H., Price, S., Wiley, B., You, W. (2011). “Solution-processed
Flexible Polymer Solar Cells with Silver Nanowire Electrodes.” Applied Materials and
Interfaces, 3(10), 4075-4084
[11]. Noh, Y. Kim, S., Kim, T., Na, S. (2014). “Cost-effective ITO-free organic solar cells with
silver nanowire-PEDOT:PSS composite electrodes via a one-step spray deposition method.”
Solar Energy Materials and Solar Cells. 120, 226-230.
[12]. Zhang, Z., Deng, J., Li, X., Yang, Z., He, S., Chen, X., Guan, G., Ren, J., Peng, H. (2015).
“Superelastic Supercapacitors with High Performances during Stretching.” Adv. Mater.,27, 356362.
[13]. Ball, J.M., Petrozza, A. (2016). “Defects in perovskite halides and their effects in solar
cells.” Nature Energy., 1, 1-13.
[14]. Lee, D., Na, S., Kim, S. (2016). “Graphene oxide/PEDOT:PSS composite hole transport
layr for efficient and stable planar heterojunction perovskite solar cells.” Nanoscale. 8, 15131522.
[15]. Jeng, J., Chiang, Y., Lee, M., Peng, S., Guo, T., Chen, P., Wen, T. (2013). “CH3NH3PbI3
Perovskite/Fullerene Plan-heterojunction Hybrid Solar Cells.” Advanced Materials., 25(27),
3727-3732.
[16]. Mamun, A.A., Ava, T.T., Zhang, K., Baumgart, H., Namkoong, G. (2017). “New
PCBM/carbon based electron transport layer for perovskite solar cells.” Phys. Chem. Chem.
Phys., 19, 17960-17966.
[17]. Ruoff, R.S., Tse, D.S., Malhotra, R., Lorents, D.C. (1993). “Solubility of fullerene (C60) in
variety of solvents.” J. Phys. Chem., 97(13), 3379-3383.

35

[18]. Boxberg, F., Sondergaard, N., Xu, H.Q. (2010). “Photovoltaics with Piezoelectric CoreShell Nanowires.” Nano Lett., 10(4), 1108-1112.
[19]. Zhang, Y., Yang, Y., Wang, Z.L. (2012). “Piezo-phototronics effect on nno/microwire solar
cells.” Energy &Environment Science. 5, 6850-6856.
[20]. Pan, C., Niu, S., Ding, Y., Dong, L., Yu, R., Liu, Y., Zhu, G., Wang, Z.L. (2012).
“Enhanced Cu2S/CdS Coaxial Nanowire Solar Cells by Piezo-Phototronic Effect.” Nano Lett.,
12(6)., 3302-3307.
[21]. Hu, G., Guo, W., Yu, R., Yang, X., Zhoa, R., Pan, C., Wang, Z.L. (2016). “Enhanced
performances of flexible ZnO/perovskite solar cells by piezo-phototronic effect.” Nano Energy.
23., 27-33.
Acknowledgements:
William Tait would like to thanks his advisory committee, Dr. Luyi Sun, Dr. Alexander Agrios,
and Dr. Daniel Burkey for their advice and support. He would also like to thank Dr. Agrios and
Dr. Sun for the use of their lab space and equipment. William would like to thank Songshan
Zeng for training in stretchable electronics and Bowen Yang for training in solar cell fabrication
and testing. Lastly, William would like to thank Ryan Cordier from the Huey Lab in the Institute
of Materials Science for doing the AFM imaging on provided samples.

36

